Endogenous acetylcholine (ACh) levels and choline acetyltransferase (ChAT) activity were measured in several vascular segments (major cerebral arteries, cor tical pial vessels, and peripheral arteries) and nervous tissues [including the sphenopalatine ganglion (SPG)] in the rat. The effects of uni-or bilateral surgical ablation of the SPG, a putative origin of the cholinergic cerebrovas cular innervation, were investigated on these two specific cholinergic markers at various postoperative times. ChAT activity and ACh levels were enriched in the cere bral as compared to the peripheral arteries. Among the cerebrovascular tissues tested, ACh levels were particu larly high in the circle of Willis and the vertebrobasilar segments and, to a lesser extent, in the middle cerebral artery. Lower levels were found in the small pial vessels Innervation of cerebral blood vessels by cholin ergic fibers was described at the beginning of this century (Chorobski and Penfield, 1932; Cobb and Finesinger, 1932) . More recent studies have shown the presence of periadventitial fibers containing acetylcholinesterase (AChE) in brain vessels (Ed vinsson, 1975; Hara et al., 1985) . However, the demonstration of a high activity for choline acetyl transferase (ChAT) and of ChAT -immunoreactive fibers in the cerebrovascular bed (Florence and Be-253 and choroid plexus. Overall, ChAT activity measured in different arterial beds paralleled the distribution of ACh. Following uni-or bilateral removal of the SPG, slight re ductions (18-36%, statistically not significant) were ob served in ChAT activity in rostral cerebral arteries and pial vessels overlying the frontal cortex. Similarly, bilat eral ganglionectomy resulted in minor decreases (11-22%, not significant) in the cerebrovascular contents of ACh in these same vascular segments. These results clearly show that the SPG does not or only partly con tributes to the cholinergic fibers that supply the cerebro vascular bed.
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In the rat, it has been elegantly shown that VIP positive nerves originate mainly from the SPG (Hara et aI., 1985; Suzuki et al., 1988) and to a lesser extent the otic ganglia to innervate the circle of Willis and its branches, and from the internal carotid miniganglion to innervate the internal ca rotid artery (Suzuki et aI., 1988) . Based on the co existence of VIP and AChE in cerebrovascular fi bers and in the SPG (Kobayashi et aI., 1983; ltakura et aI. , 1984; Hara et aI., 1985) , it has been postu lated that this ganglion might be the major origin of the cholinergic innervation of the cerebral vascula ture. However, the distribution pattern of ChAT and VIP-or AChE-containing nerves differs in the cerebral arteries from various species (Saito et aI., 1985) , and uni-or bilateral surgical ablation of the SPG was found to induce only small reductions in ChAT activity in rat cerebral blood vessels (Hara et aI., 1989) .
On the basis of these conflicting results, we re evaluated the role of the SPG in cerebrovascular cholinergic innervation. U sing the same surgical ap proach as that described by Suzuki et al. (1988) , we examined the effect of sphenopalatine ganglionec tomy on the two most specific cholinergic markers, namely the endogenous acetylcholine (ACh) levels and ChAT activity in the rat main basal arteries and pial vessels. In addition, ACh content and ChAT activity were measured in a series of vascular and nervous tissues. Part of this work has been pre sented in a recent symposium (Hamel et aI., 1989) .
MATERIALS AND METHODS

Sphenopalatine ganglionectomy
Male Wi star rats (250-280 g, Charles River: St Constant, Quebec, Canada; and Paris, France) were used in this study. Absolute values for ChAT activity and ACh levels were measured (as described below) in naive rats in various neuronal (SPG, VIIth nerve region, and frontal cortex) and vascular (middle cerebral artery, circle of Willis, vertebrobasilar segment, pial vessels overlying frontal and occipital cortices, choroid plexus, aorta, mes enteric and tail arteries) tissues. The effects of either uni or bilateral ganglionectomy (see below) on cerebrovascu lar ChAT activity were determined in rostral (anterior cerebral, middle cerebral, and anterior communicating) and caudal (posterior communicating, basilar, and verte bral) major cerebral arteries taken, if applicable, from both sides of the circle of Willis. Depending on whether uni-or bilateral surgery was performed, pial vessels over lying the frontal and occipital cortices were taken ipsilat eral and contralateral to the lesion or bilaterally on both sides of the brain surface. Similar cerebrovascular seg ments were sampled for studying the effects of bilateral removal of the SPG on ACh levels except that the ante rior and posterior communicating arteries were pooled together and have been identified as the circle of Willis.
Rats were anesthetized with sodium pentobarbital (65 mg/kg, i.p.). Uni-or bilateral sphenopalatine ganglionec tomy or sham operation was performed by a zygomatico lacrimal approach, as described by Rosen et al. (1940) and more recently by Suzuki et al. (1988) . The zygomatic bone was exposed through a skin incision and cut at both extremities; the masseter muscle was then retracted in order to uncover the fifth nerve trunk, which was cleaned J Cereb Blood Flow Metah, Vol. II. No.2, 1991 of adherent connective tissue and gently retracted to ex pose the SPG. The ganglion was completely extirpated by sectioning the Vidian nerve and all branches feeding into the ganglion. For sham-operated animals, the ganglion was shortly exposed. The skin was then sutured and all animals allowed to recover and kept for various periods of time (1 to 4 weeks) before killing by decapitation. Among the 10 animals used to study the effects of sphe nopalatine ganglionectomy on ACh levels, 8 ganglions were randomly taken out for ACh measurements. The ganglionic nature of the structures removed was verified on the remaining tissues by histological staining of cry ostat-cut sections with cresyl violet.
Assay for ChAT activity
Animals were killed I to 4 weeks after surgery. Cere bral arteries, pial vessels, and other tissues (nervous tis sues and peripheral vessels) were rapidly dissected out on ice, frozen on dry ice, and kept at -80DC until the day of the assay. Frozen tissues were sonicated (30 s) in ice-cold Triton/Ethylenediamine tetraacetate (0.5%/10 mM) and centrifuged rapidly. ChAT activity was measured on the supernatants by the radiochemical method of Fonnum (1975) , whereby r1 4 C]ACh synthesized from choline and r1 4 C)acetyi coenzyme A is measured. Protein determina tions were according to Lowry et al. (1951) .
Assay for ACh
Control and operated rats (2 weeks after bilateral sur gery) were anesthetized with sodium pentobarbital (65 mg/kg), perfused intracardially with ice-cold Krebs solu tion containing 0.1 mM physostigmine in order to elimi nate blood contamination and to avoid the catabolism of ACh by AChE. Tissues were rapidly dissected on ice, frozen on dry ice, and kept at -80DC until assayed.
ACh determination was performed by gas chromatog raphy-mass spectrometry (GC-MS) according to a method originally described by Wood and Stotland (1980) with slight modifications. Frozen tissues were sonicated (30 s) in ice-cold HCI (\ M) containing 75 pmol of deuter ated d 4 -acetylcholine as internal standard, and centri fuged for 30 min at \5,000 rpm. Pellets were dissolved in \ M NaOH for subsequent protein determination. Super natants were transferred into borosilicate vials, rapidly frozen, and lyophilized. Choline in samples was phospho rylated for 45 min (2SOC) in 150 mM phosphate buffer (pH 8.0) containing ATP (I mM), MgCl2 (6 mM), and choline kinase (20 mU/sample) (Consolo et aI., 1987) . Following extraction of ACh with sodium tetraphenylborate in 3heptanone (10 mg/m!) for 15 min (Fonnum, 1975) and rapid centrifugation, the lower aqueous phase (containing phosphorylcholine) was discarded while the upper or ganic phase was transferred into another set of vials and re-extracted for 30 min in \ M HCI. After centrifugation, the upper organic phase was removed by aspiration while the aqueous acidic phase was frozen and lyophilized.
After esterification for 30 min (80DC) with a propionyl chloride/acetonitrile mixture (l: \9, v/v) under nitrogen, the samples were evaporated with nitrogen and redis solved in a mixture of sodium benzene thiolate/methyl ethyl ketone/glacial acetic acid (175 mg/20 ml/35 fJ-l). They were subsequently incubated (45 min at 80DC) under ni trogen to de methylate the quaternary ammonium com pounds synthesized in the esterification step. After com pletion of the reaction, the samples were extracted with citric acid and washed twice with pentane. The aqueous phase was re-extracted into ethyl acetate with dibasic am monium citrate and ammonium hydroxide. These extracts were concentrated under nitrogen and injected into a Hewlett Packard GC-MS (model 5985b; Hewlett Packard, Kirkland, Quebec, Canada) under pos itive ion chemical ionization mode (Megabore fused col umn 30 rn DB-5 from 1. & W. Scientific; Folsom, CA, U.S.A.; reactant gas: isobutane, instrument grade, from Liquid Air Canada). Integration of the ACh peaks were performed by a Hewlett Packard HP 1000 computer and compared to the peaks of internal standards (reflecting the efficiency of the reactions). For each experiment, ex ternal standards (0, I, 5, 10. 50. and 75 pmo!) were as sayed along with the test samples. The concentrations of ACh in each sample were calculated by regression anal ysis obtained from blank values and external standards and were expressed in pmol/mg of protein.
Statistical analysis
For all experiments. data obtained in the different groups were compared by one-way analysis of variance (ANOV A). A p value !S 0.05 was considered to be signif icant.
Solutions and drugs
The following Krebs solution was used (in mM): NaCI, 118; KCI, 4.5; CaCI2• 2.5; MgS0 4 , 1.0; KH2P0 4 . 1.0; NaHC03, 25; and glucose. 6.0. [1 4 CjAcetyl coenzyme A (46--53 mCi/mmol) was purchased from the Commissariat a I'Energie Atomique (Saclay. France) or from ICN Ra diochemicals (Costa Mesa. CA, U.S.A.). Deuterated d 4 _ acetylcholine bromide was from MSD Isotopes (Mont real, Quebec, Canada). Acetylcholine chloride. choline chloride, choline kinase (EC 2.7.1.32. ATP: choline phos photransferase), 3-heptanone. physostigmine salicylate. and tetraphenylboron sodium salt were obtained from Sigma Chemical (St. Louis, MO. U.S.A.). Acetonitrile. methyl ethyl ketone, and propionyl chloride were sup plied by Aldrich Chemical (Milwaukee. WI. U.S.A.). So dium benzene thiolate was synthesized in our laboratory as described by Hanin and lenden (1969) . All other chem icals were from Sigma.
RESULTS
ChAT activity and ACh levels
As shown in Table 1 , ChAT actIVIty varied greatly depending on the tissues examined. Cere bral blood vessels were found to exhibit relatively high activity of the ACh-synthesizing enzyme (3 to 22 nmol of ACh formed/mg of protein/h) compared to the peripheral vasculature (activity of less than 0. 5 nmol of ACh formed/mg of protein/h). More specifically, the vessels contributing to the circle of Willis were the most enriched vascular tissues in ChAT activity followed by the vertebrobasilar and middle cerebral arteries. Small pial vessels overly ing frontal and occipital cortices as well as the cho roid plexus exhibited lower activities compared to the basal arteries. In contrast, tissues of neuronal origin contained very high levels of ChAT activity, with the SPG being particularly endowed, followed by the VIIth nerve region and the frontal cortex.
Phosphorylation of choline by choline kinase and subsequent extraction of ACh strongly reduced the amount of choline detectable by GC-MS ( Fig. 1,  upper panel) and eliminated the possibility of an interference of choline into the ACh channel. This method allowed us to detect a minimal absolute amount of I pmol of ACh/sample, which was largely below the tissue ACh content since most of our samples exhibited endogenous levels greater than 5 pmol (varying from 10 to 60 pmol depending on the tissue; standard signal of 5 pmol shown in Fig. 1,  lower panel) . The SPG displayed the highest ACh levels whereas the peripheral vessels contained minimal concentrations of ACh (Table 1) . A heter ogeneity of the ACh distribution was observed among the various cerebrovascular segments, with high levels in the main basal arteries (higher in the caudal than in the rostral circulation), and lower amounts in the pial vasculature (the frontal vessels being slightly more enriched than the occipital ves sels) and choroid plexus.
Effects of sphenopalatine ganglionectomy on
ChAT activity
Unilateral sphenopalatine ganglionectomy in duced minor changes in ChAT activity in the cere brovascular bed (Fig. 2) . Small, not statistically sig nificant, reductions in ChAT activity were detected essentially in rostral major arteries ( -18%, 2 weeks postoperation) and small pial vessels overlying the ipsilateral frontal (-33%, 2 weeks postoperation) and occipital cortices ( -23%, 1 week postopera tion). Such a tendency was not observed in the cau dal main basal arteries at any time following sur gery.
In a limited number of animals (two to five ani- 
Effects of sphenopalatine ganglionectomy on ACh levels
Two weeks after bilateral removal of the SPG, only small reductions in cerebrovascular ACh con centrations were noted (Fig. 3) . A 22% decrease in ACh content of the rat middle cerebral artery was found together with reductions of 13 and 11 % in the vessels contributing to the circle of Willis and the pial vessels overlying the frontal cortex, respec tively. These changes, however, did not reach sta tistical significance. In the other cerebrovascular tissues, ACh levels were strictly comparable be tween the three groups of rats.
DISCUSSION
The present results show that ChAT activity and ACh levels were considerably higher in arterial seg-J Cereb Blood Flow Metab, Vol. ll, No.2, 1991 1.10 ments obtained from the cerebrovascular bed com pared to all peripheral vessels tested. These data agree with earlier reports in various species (Flo rence and Bevan, 1979; Duckles, 1981; Bevan et al., 1982; Estrada and Krause, 1982) . In the cerebral vasculature, the vessels contributing to the circle of Willis were more enriched in ChAT-containing ele ments than the vessels located in the anterior or posterior circulation (middle cerebral or verte brobasilar arteries). Such regional distribution of ChAT activity in the main basal arteries of the rat is similar to that previously reported in the dog but is in contradistinction with the higher ChAT activity measured in the basilar artery compared to the cir cle of Willis or the middle cerebral artery of the cat (Florence and Bevan, 1979) . Our data provide the first detailed distribution of ACh levels in systemic and cerebral blood vessels of the rat. The largest amounts of ACh were found in the vertebrobasilar segment and in vessels contributing to the circle of Willis, while slightly lower levels were detected in the middle cerebral artery. Such a regional distribu tion is endorsed by a less exhaustive one previously reported in the cat cerebrovascular bed (Duckles, 1981) . We found that ACh levels were slightly more important in pial vessels overlying the frontal as opposed to the occipital cortices. However, both ACh levels and ChAT activity were quite evenly distributed in the various segments of the cerebro vascular bed. Except for the small regional varia tions noted above, the overall distributions of ACh concentrations and ChAT activity correlated well in most cerebral arterial segments. The SPG was enriched in both ChAT activity and ACh. Comparatively, the cerebral vessels exhibited high ACh levels but relatively low ChAT activities. Such an arrangement in cerebrovascular tissues could be suggestive of a transport mechanism for ACh from the cells of origin (where the synthesizing enzyme and the neurotransmitter are both present) to the efferent nerve terminals (where the neuro transmitter is stored and released). Nevertheless, the residual activity of the synthesizing enzyme in the terminal area, herein in the wall of the blood vessels, could insure a local synthesis of ACh.
Although the cerebrovascular enrichment of the two most specific cholinergic markers is an admit ted fact, the origin of such innervation still remains an unresolved issue. Indeed, little information is available on the effects of selective manipulations (lesions or stimulations) on functional or biochem ical cerebrovascular cholinergic parameters. Our study indicates that uni-or bilateral removal of the SPG only results in minor reductions at the cere brovascular level of either one of the most selective markers for cholinergic nerves. In a previous inves tigation (Hara et aI., 1989) , we similarly reported that vasomotor responses to ACh and cerebrovas cular ChAT activity remained relatively unaltered in rats with uni-or bilateral removal of the SPG. However, the surgical approach used in that previ ous study has been largely criticized (Suzuki et aI., 1988) . Here, we have used a zygomaticolacrimal approach as described by Suzuki et ai. (1988) , his- tologically confirmed that the whole core of the gan glion was removed, and directly measured ChAT activity and ACh content in various segments of the cerebrovascular bed. Despite all of this, the present data confirm the minor reductions in ChAT activi ties and further show only weak decreases in the contents of the neurotransmitter itself (ACh). Al though nonneuronal ChAT immunoreactivity has been identified in a minute population of intraparen chymal capillary endothelial cells (Parnavelas et aI., 1985; Arneric et aI., 1988) , such an association could not be evidenced in large cerebral arteries (Saito et aI., 1985) and small pial vessels (Hamel et aI., 1987) . Thus, in the cerebrovascular beds tested in the present investigation, it is most unlikely that nonneuronal pools of ChAT and ACh could have masked the lesion effects of neuronal forms of these two cholinergic markers. We are therefore forced to conclude that SPG does not represent a major source, if any, of ACh-containing elements in the rat cerebrovascular bed. Such conclusion agrees strongly with previous findings (Hara et aI., 1989) and with a recent functional observation in which the increase in cortical blood flow induced by elec trical stimulation of postganglionic fibers originat ing from the SPG was found to be unaffected by cholinergic antagonists (Suzuki et aI., 1990b) . Earlier studies on the origin of cerebrovascular cholinergic nerves have used AChE histochemistry as a marker. It was originally found (Hara et aI., 1985) and later confirmed (Hara et aI., 1989 ) that AChE-positive fibers together with those immuno reactive for VIP decreased following sphenopala tine ganglionectomy. Since AChE was found to be J Cereb Blood Flow Metab, Vol. 11, No. 2, 1991 colocalized with VIP in peripheral nerves (Lund berg et aI., 1979) , cerebral vessels (Kobayashi et aI., 1983; ltakura et aI., 1984) , as well as in the SPG (Hara et aI., 1985) , it has been postulated that VIP and cholinergic cerebrovascular nerves might orig inate from the same structures. The origin of the cerebrovascular nerves containing VIP has been ex tensively investigated in various species and sug gested to be primarily the SPG together with the otic as well as other microganglia associated with nerves located on the carotid artery (Gibbins et aI., 1984; Hara et aI., 1985; Walters et aI., 1986; Suzuki et aI., 1988) . These studies all agreed that either cerebrovascular VIP-immunoreactive nerves or VIP levels were markedly reduced (Gibbins et aI., 1984; Hara et aI., 1985 Hara et aI., ,1989 or were completely abolished (Suzuki et aI., 1988) following removal of the SPG. Similar findings on cholinergic markers were not always reported (Hara et aI., 1985 (Hara et aI., ,1989 .
In fact, in one study in which VIP-and AChE positive nerves were found to be decreased follow ing sphenopalatine ganglionectomy (Hara et aI., 1989) , ChAT activity measured in comparable cere bral arteries was not significantly altered by such treatment. These findings, together with those of the present study, raise serious doubts as to the colocalization and similar origins of VIP and ACh in cerebrovascular nerves and further emphasize the lack of specificity of AChE for cholinergic neurons or nerves (Butcher et ai., 1975; Lehmann and Fibiger, 1979; Chubb et aI., 1980) . Interestingly, Saito et al. (1985) have previously demonstrated that the distribution of ChAT-immunoreactive fi bers in cerebral arteries differ from those containing VIP and/or AChE in various species. More re cently, Miao and Lee (1990) using double-labeling immunohistochemistry also concluded that VIP and ChAT were primarily not colocalized in the cerebral vasculature.
From our present investigation, it is undisputable that the SPG is a cholinergic structure since both ChAT activity and ACh levels were very high. However, the small, nonsignificant, changes in these two selective markers in cerebral blood ves sels following ganglionectomy strongly suggest that the SPG represents a very limited source of cere brovascular cholinergic nerves. Moreover, the fact that bilateral sphenopalatine ganglionectomy did not result in greater ChAT activity reductions than did unilateral ablation (Hata et aI. , 1989; present study) contrasts with the bilateral supply demon strated for cerebrovascular VIP fibers from this ganglion (Suzuki et aI. , 1988; Edvinsson et aI. , 1989) . Such an argument would further point to a rather small colocalization of VIP and ACh in the cerebrovascular fibers as discussed above. Alterna tive sources of the cerebrovascular cholinergic nerves should be considered. In this respect, the otic ganglion and/or the internal carotid minigan glion might represent alternative candidates since they exhibit ChAT-positive cells and reach the ce rebral vasculature without passing through the eth moidal foramen (Suzuki et aI. , 1990a) . If, indeed, mUltiple ganglia contribute to the cholinergic inner vation of the cerebral blood vessels, a clear demon stration of a lesion effect might be extremely diffi cult to achieve.
